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The irreversible magnetization of the layered high-Tc superconductor Bi2+xSr2−(x+y)Cu1+yO6±δ
(Bi-2201) has been measured by means of a capacitive torquemeter up to Ba = 28 T and down to T =
60 mK. No magnetization jumps, peak effects or crossovers between different pinning mechanisms
appear to be present. The deduced irreversibility field Birr can not be described by the law Birr(T ) ∝
(1−T/Tc)
n based on flux creep, but an excellent agreement is found with the analytical form of the
melting line of the flux lattice as calculated from the Lindemann criterion.
PACS numbers: 74.60.Ge, 74.72.Hs
The investigation of the magnetic properties of high-
Tc superconductors (HTS) has attracted a lot of interest,
both experimental and theoretical, thanks to the spectac-
ular variety of new and surprising phenomena. The re-
search both on the flux-line statics and dynamics, which
has important technological consequences connected to
the magnetic irreversibility, and on the fundamental mag-
netic properties of the superconducting state, like the up-
per critical field Bc2 and the subtle nature of the super-
conducting transition in magnetic field, has been widely
developed. These topics are closely related in view of the
very intriguing phenomenon of the upward curvature of
the upper critical field Bc2(T ) at low temperatures ob-
served in many HTS [1,2,3,4,5], which is in full contrast
with the traditional Werthamer-Helfand-Hohenberg the-
ory [6]. The first suggestion that dissipative measurings
tend to yield the irreversibility line rather than the upper
critical field dates more than ten years ago [7]. Subse-
quently, other models have been proposed that focus on
the influence of thermal fluctuations [8], vortex lattice
melting [9], and low vortex viscosity [10] on the resistive
critical field. Other authors pointed out more radical rea-
sons for the upward curvature of Bc2(T ), like the Bose-
Einstein condensation of charged bosons formed above
Tc [5], the influence of magnetic impurities [11], or the
role of saddle-point singularities in the electron spectrum
[12].
The layered cuprate superconductor Bi2Sr2CuO6 (Bi-
2201) has been one of the first compounds showing an
anomalous temperature dependence of the resistive crit-
ical field in a thin film [1]. Subsequent investigations on
this compound suffered from difficulties in growing high-
quality single crystals. It is only very recently that a
study of the DC magnetization has been reported [13].
On the other hand, while sharing most of the structural
and physical properties with the other HTS, the low crit-
ical temperature of this superconductor allows an exper-
imental investigation of the whole B − T phase diagram
at the currently available high magnetic fields and low
temperatures. To our knowledge, no extensive studies
of the vortex assembly in Bi-2201 have been reported so
far. The study of the vortex state in the complete phase
diagram is not only interesting in itself, but might have
important implications for the anomalous features of the
upper critical field.
In this Letter, we investigate the irreversible magne-
tization of a high-quality overdoped
Bi2+xSr2−(x+y)Cu1+yO6±δ single crystal. The sample
was grown from a solution-melt in KCl [14], and has the
approximate size of 1100×700×10 µm3 (mass ∼ 0.2 mg).
Both the growth method and the small size are advan-
tageous for an extreme homogeneity of the sample. The
intrinsic overdoping is due to the Bi excess localized on
the Sr positions. The magnetization loops were obtained
by means of torque magnetometry, using a very sensitive
capacitive torquemeter. We reached temperatures down
to T = 60 mK in continuous magnetic fields Ba up to 28
T. The field sweep rate dBa/dt = 15 mT/s was chosen in
order to have a maximum measuring time for each loop of
about one hour with a typical thermal drift smaller than
5 - 10 mK in the whole temperature range. Preliminary
measurements were performed in a 10 T superconducting
magnet, using dBa/dt = 10.8 mT/s. From our magneti-
zation experiments, we evaluated a critical temperature
Tc ≈ 4 K, in agreement with the overdoping of the sam-
ple.
Although we are interested in the irreversibility line
for fields applied perpendicular to the ab-planes of the
crystal, the torque method has no sensitivity for Ba ‖ c.
The relationship τ = M×Ba between torque density τ ,
1
magnetization M and applied magnetic field Ba suggests
that the torque signal can be increased by choosing large
values of the angle θ between the applied field and the
c-axis of the sample. Actually, in the case of a strongly
two-dimensional superconductor like Bi-2201, the scaling
analysis in the large anisotropy limit of the Ginzburg-
Landau model [15,16] allows to say that the magnetiza-
tion M lies very close to the c-axis, while its magnitude
is fully determined by the effective field Ba cos θ perpen-
dicular to the ab-planes. We have chosen θ = 30◦, so
that the actual irreversibility field Birr for Ba ‖ c is
given by Birr = B
(a)
irr cos 30
◦, where B
(a)
irr is the applied
field corresponding to the vanishing of the magnetic irre-
versibility. In other words, Birr is the irreversibility field
that we expect to obtain in an ideal experiment with
Ba ‖ c (i.e. with θ = 0◦), which is not directly mea-
surable with the torque magnetometry technique. From
the torque loops, the magnetization can be calculated as
M = τ/(Ba sin 30
◦) but, in view of the arbitrary scaling
of the measured torque density, there is no need to take
into account the sin 30◦ factor.
The measured torque loops shown in Fig. 1(a) clearly
show that the irreversible behavior vanishes quite quickly
as the temperature increases. The corresponding magne-
tization loops shown in Fig. 1(b) have been plotted only
for Ba > 0.2 T, because the division of the torque by
the field results in uncertainties for B ≈ 0. Both torque
and magnetization loops have a typical shape that scales
quite well with temperature. None of our data shows
jumps, peaks or fishtail effects. In principle B
(a)
irr could
be easily determined as the point where the branches
for increasing and decreasing field first touch, but we
used a more accurate method to obtain B
(a)
irr as illus-
trated in Fig. 2. First, for the difference τ+ − τ− of the
torque measurements between increasing and decreasing
field, respectively, we make a linear fit of what is likely
to be the reversible region. Then we define B
(a)
irr as the
point where τ+ − τ− deviates from the fit, helping the
eye with a straight line through the irreversible data.
For an ideal measurement, the linear fit of τ+ − τ− in
the reversible region should be a constant equal to zero.
However, because the capacitance of the torquemeter is
slightly temperature dependent, the thermal drift leads
to a non-zero slope for τ+−τ−. With the thermal stabil-
ity of our experiments, that slope is actually extremely
small (see the scales of the inset in Fig. 2). But also the
irreversible signal vanishes very smoothly for increasing
field, and neglecting the nonzero slope would lead to a
much higher uncertainty in the evaluation of B
(a)
irr . Fur-
thermore, this procedure becomes quite useful for the
measurements close to Tc, where the signal-to-noise ra-
tio gets worse. Already above T ≈ 3 K the irreversible
torque signal, although clearly present, becomes so small
that a reliable determination of B
(a)
irr is no longer possi-
ble. Above T ≈ 4 K we found no more signs of hysteretic
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FIG. 1. The torque loops (a) and the corresponding mag-
netization loops (b) of the Bi-2201 single crystal sweeping the
field up and down at dBa/dt = 15 mT/s. Notice the absence
of jumps or secondary peaks. The magnetization is plotted
only for Ba > 0.2 T.
magnetic behavior.
Fig. 3 shows the irreversibility line Birr(T ) of our Bi-
2201 sample, with a good overlap between the indepen-
dent sets of measurements at dBa/dt = 15 mT/s (re-
sistive magnet) and at dBa/dt = 10.8 mT/s (supercon-
ducting magnet). We tried to fit our data with the very
common function
Birr(T ) = Birr(0)(1 − T/Tc)n (1)
keeping Tc = 4 K as a fixed parameter. This func-
tion has proved to describe many experimental data with
n ∼ 1.3 ÷ 1.5 and can be qualitatively justified in a flux
creep picture [17], predicting n = 3/2 or 4/3 (the value
of n depends on the approximations used to evaluate
the pinning energy). In our case, a fit of the data us-
ing Eq. (1) with n = 1.5 is not possible, while a good
behavior is only attained for n = 5.2 (not shown) which
has no physical meaning. This is not surprising, because
Eq. (1) is obtained by supposing the flux motion to take
place for thermal activation over bulk pinning barriers.
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FIG. 2. The difference τ+−τ− between the torque recorded
for increasing and decreasing field at T = 60 mK with a linear
fit in the reversible region. The inset shows how B
(a)
irr can be
found, helping the eye with a straight line through the first
points in the irreversible region.
Such a model works quite well in disordered systems like
Ba1−xKxBiO3 [18] but it is less suitable for very clean su-
perconductors. Actually, the vanishing of the irreversible
magnetization can also be ascribed to the melting of the
vortex solid [19]. For a 3D anisotropic vortex lattice, an
useful form of the melting line Bm(T ) [16,20] has been
obtained making use of the Lindemann criterion, i.e. as-
suming that the lattice melts when the mean-squared
amplitude of the thermal vortex fluctuations 〈u2〉th ex-
ceeds a certain fraction cL of the vortex spacing. The
melting line takes the form
Bm(T ) = Bc2(0)
4ϑ2(
1 +
√
1 + 4ϑTs/T
)2 (2)
where ϑ = c2L
√
βm/Gi(Tc/T − 1), Ts = Tcc2L
√
βm/Gi, cL
is the Lindemann number, Gi = 12
(
γkBTc
(4pi/µ0)B2c (0)ξ
3(0)
)2
is
the Ginzburg number, γ =
√
mc/mab is the anisotropy
and βm ≈ 5.6 is a numerical factor. This expression
is supposed to be valid over a wide temperature range
below Tc, since it is calculated taking into account the
suppression of the order parameter close to Bc2. The fit
shown in Fig. 3 is made fixing Tc = 4 K and leaving
Bc2(0) and c
2
L
√
βm/Gi as free parameters. From our
analysis we obtain Bc2(0) = 16.4 T (yielding ξ(0) = 45
A˚) and c2L
√
βm/Gi = 0.221. Estimating κ ∼ 40 and
taking γ = 350 [21,22] we find Gi = 3.3 · 10−2, and we
finally obtain cL = 0.13.
It is worth noting that Hikami et al. [23] have studied
the melting of a 3D flux lattice in strong magnetic fields,
obtaining a criterion which is equivalent to the Linde-
mann’s one with cL = 0.14. This could explain why Eq.
(2) gives a good description of the data down to the low-
est temperatures, i.e. up to the highest fields. Eq. (2)
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FIG. 3. The irreversibility line Birr(T ) of the Bi-2201 single
crystal, recalculated for B ‖ c using Birr = B
(a)
irr cos 30
◦. The
data points have been obtained for different sweep rates as
indicated. The dashed line represents the flux-creep model
(Eq. (1) with n = 1.5), while the solid line is a fit through
the data for the vortex melting transition using Eq. (2) with
deduced cL = 0.13.
takes into account only the contribution of thermal fluc-
tuations. We can neglect the contribution due to quan-
tum fluctuations of the vortices [24], because its relative
strength is given by Q ∝ Q˜/
√
Gi, where Q˜ = e
2ρab
h¯d (d is
the interlayer spacing). Contrary to Gi, Q˜ is unaffected
by the anisotropy, so in Bi-2201 we expect the thermal
fluctuations to be much more enhanced than the quan-
tum ones. Actually, the contribution of quantum fluctu-
ations of vortices should result in a shift of the melting
transition towards lower temperatures and fields, which
does not agree with the shape of our measured Birr(T ).
With respect to the observed irreversible behavior, one
should notice that the torque and magnetization data
shown in Fig. 1 tend to rule out the existence of transi-
tions between different phases of the vortex solid, since
at least for T/Tc < 0.7 no jumps or fishtail effects are
present (see e.g. [25]). From another point of view, it fol-
lows that no crossovers between different pinning mech-
anisms are present. For the torque magnetometry tech-
nique it can be shown [26] that the pinning force den-
sity Fp(B) is proportional to the hysteresis of the torque
loop (i.e. what we called τ+ − τ−). In Fig. 4 we have
plotted the field dependence of the pinning force den-
sity at different temperatures, having rescaled Fp by its
maximum value F
(max)
p and the applied field by the mea-
sured B
(a)
irr . All the curves tend to collapse into an unique
shape, which is also an indication that the magnetic field
corresponding to the pinning force maximum has approx-
imately the same temperature dependence as Birr(T ).
From a qualitative point of view, the irreversibility line
we measured can be interestingly compared to the re-
sistive critical field measured by Osofsky et al. [1] on a
3
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FIG. 4. Pinning force density Fp ∝ τ
+ − τ−, normalized
to the maximum value F
(max)
p , at various temperatures as
function of the rescaled field Ba/B
(a)
irr . The good overlap and
the very similar shapes of all the curves suggest the absence
of crossovers between different pinning mechanisms.
Bi-2201 thin film. The upward curvature of the criti-
cal field obtained in this transport experiment is very
different from the saturating low-temperature behavior
of Bc2(T ) of the Werthamer-Helfand-Hohenberg theory
[6]. The temperature dependence of the resistively de-
termined critical field is very similar to the irreversibil-
ity field reported here, which confirms that flux lattice
melting plays a crucial role in the magnetoresistive tran-
sitions.
In conclusion, we have measured the irreversibility line
of a Bi-2201 single crystal down to T = 60 mK and up
to Ba = 28 T, obtaining a curve that can be fitted with
the form predicted by the Lindemann criterion for the
melting of the vortex lattice. The magnetization loops
do not show any jump or peak effect, and the pinning
force maintains the same shape as function of the field
throughout the investigated temperature range. Finally,
the behavior of Birr(T ) obtained here is very similar to
the resistive critical field of a Bi-2201 thin film, suggest-
ing that magnetoresistive experiments are likely to be
strongly influenced by flux lattice melting.
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